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MEASUREMENT OF LOW FREQUENCY VIBRATIONS I N  B I G  HELICOPTERS 
AND THEIR TRANSMISSION TO THE PILOT 

H. Ser is  and R.  Auffret  

Analyses a r e  presented of t h e  v i b r a t i o n s  recorded a t  
t h e  s e a t  l e v e l  and on t h e  sternum and cranium of t h e  p i l o t .  
Sources a r e  i d e n t i f i e d  a s  (1) very low frequency v i b r a t i o n s  
due t o  atmospheric tu rbulence  occurr ing a t  low a l t i t u d e s  
and i n  c louds ;  and (2) v i b r a t i o n  caused by mechanical f a c -  
t o r s  i n  t h e  main r o t o r  and t h e  a n t i - t o r q u e  r o t o r .  The f r e -  
quencies t r a n s m i t t e d  t o  t h e  cockpi t  a r e  m u l t i p l e s  of t h e  
number of b lades  of t h e  frequency of r o t o r  r o t a t i o n .  The 
h e l i c o p t e r  used produced mechanical v i b r a t i o n s  of 20 Hz and 
above, caused p r i n c i p a l l y  by t h e  main r o t o r .  The damping 
f u n c t i o n  of t h e  body upon increased f requencies  i s  demon- 
s t r a t e d ,  w i t h  t h e  resonant  f requencies  of t h e  human body 
found i n  t h e  4 t o  6 Hz reg ion  i n  seated s u b j e c t s .  Between 
25 and 30 Hz, an over -acce lera t ion  of t h e  head i n  r e l a t i o n  
t o  t h e  shoulder  was observed. Above 6 Hz, a damping e f f e c t  
occurs  e s p e c i a l l y  i n  t h e  longi tudina l  a x i s .  The problem of 
damping very low f requencies  (2 t o  6 Hz) i s  considered t h e  
most d i f f i c u l t  t o  s o l v e ;  d e f l e c t i o n s  of s e v e r a l  u n i t s  of 10 
cm would be necessary t o  reduce t h e  resonance of t h e  s e a t -  
p i l o t  system below t h e s e  f i g u r e s .  

The importance of h e l i c o p t e r  v i b r a t i o n s  has  been pointed out  s i n c e  t h e  ap- /345* 
pearance of t h e  f i r s t  models. I n  1936 t h e  p i l o t  Maurice C l a i s s e  noted t h e  d i s -  
agreeable  c h a r a c t e r  of t h e  v i b r a t i o n s  t h a t  reverbera ted  from t h e  whole machine, 
and a f t e r  one hour of f l i g h t  he h u r r i e d  back t o  t h e  hangar t o  nurse  h i s  aches.  
This  phrase ,  quoted by Vice Admiral J u b e l i n ,  i s  s t i l l  t r u e .  Mechanical progress  
has  been made and t h e  v i b r a t i o n s  a r e  less. However, wi th  t h e  genera l ized  use  of 
h e l i c o p t e r s  and t h e  lengthening of f l i g h t s ,  the  problem of t h e  repercuss ion  of 
v i b r a t i o n s  on t h e  p i l o t s  i s  pinpointed.  

According t o  c l i n i c a l  s t u d i e s  of Missenard ?nd Terneau, and of P e l l e t  i n  
1957, of Fabre and Greber i n  1959, Montagard, S a i s  and Guiot i n  1961, and p a r t i c -  
u l a r l y  according t o  S l i o s b e r g ' s  t h e s i s  i n  1962, t h e  r e l a t i o n s h i p  between v e r t e -  
b r a l  p a i n ,  lumbosciat icas  and h e l i c o p t e r  p i l o t i n g  i s  c l e a r l y  e s t a b l i s h e d .  
S l i o s b e r g ' s  i n v e s t i g a t i o n  r e l a t e s  t o  128 p i l o t s .  Among t h e s e ,  1 1 2 ,  i . e .  , 87.5 
p e r c e n t ,  had pa in ;  g e n e r a l l y  t h e  pa ins  begin wi th  t h e  300th hour of f l y i n g  t i m e .  
However, p i l o t s  w i t h  pa thologica l  condi t ion  of t h e  s p i n a l  column began t o  s u f f e r  
e a r l i e r ,  a f t e r  50 o r  100 hours of f l y i n g  time. An extended mission,  o r  a d i f f i -  
c u l t  one,  evokes pa in  whose d u r a t i o n  i s  a func t ion  of t h e  p a t t e r n  of t h e  f l i g h t s .  
Average f i g u r e s  t h a t  a r e  c i t e d  i n  t h e  s tudy as  threshold  of appearance of d i f f i -  
c u l t i e s  are 4 t o  5 hours per day, 40 t o  50 hours per month. 
of t h i s  d i s c u s s i o n  w e  w i l l  analyze t h e  pa thologica l  symptoms observed by t h e  
p i l o t s .  
*Numbers g iven  i n  margin i n d i c a t e  pagina t ion  i n  o r i g i n a l  f o r e i g n  t e x t .  

I n  t h e  second p a r t  
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I n  t h e  course of tests of t h e  Sud Aviat ion heavy h e l i c o p t e r  Super Frelon 
3210, w e  were s t r u c k  by t h e  s ta tements  of p i l o t s  who boasted of t h e  comfort of 
t h e  machine and p a r t i c u l a r l y  s t r e s s e d  t h e  low l e v e l  of v i b r a t i o n .  We recorded 
v i b r a t i o n s  on t h e  t h r e e  axes a t  seat l e v e l  and on t h e  p i l o t  a t  t h e  l eve l  of t h e  
sternum and the  c r e s t  of t h e  s k u l l .  We then attempted t o  analyze t h e  phenomenon 
and p a r t i c u l a r l y  t o  e s t a b l i s h  t h e  c o r r e l a t i o n  between t h e  r eco rd ings  and t h e  sub- 
j e c t i v e  f e e l i n g s  of t h e  p i l o t s .  

We used s ix  i d e n t i c a l  measuring t r a c k s ,  recorded simultaneously.  1st con- 
f i g u r a t  i on : 

- s e a t  v i b r a t i o n s ,  axes  x ,  y,  z ;  

- s t e r n u m v i b r a t i o n s ,  axes  x ,  y,  z .  

2nd conf igu ra t ion :  

- s e a t  v i b r a t i o n s ,  axes  x, y ,  z ;  

- crest  of s k u l l  v i b r a t i o n s ,  axes  x ,  y ,  z .  

The recordings were made i n  t h e  course of v a r i o u s  phases of f l i g h t :  t a x i i n g ,  
t akeof f ,  forward motion, f l i g h t  a t  d i f f e r e n t  a l t i t u d e s  and d i f f e r e n t  speeds,  t u rn -  
i n g  t o  t h e  r i g h t  and l e f t  w i th  more o r  less s i g n i f i c a n t  load f a c t o r ,  backward 
t r a v e l ,  and landing. 
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The composition of each t r a c k  w a s  a s  fol lows:  

Pickup: accelerometer  w i t h  v a r i a t i o n  of mutual i nduc t ion  5222 - 5 2  g 5. Ateliers 
de cons t ruc t ion  Bagneux. 

Supply: supply u n i t  on 28 V. 333 W. C a r r i e r  c u r r e n t  gene ra to r  u n i t  313 W ,  1000 
Hz frequency. Sexta. 

Amplifier:  a m p l i f i e r  and demodulator u n i t .  304 W .  Sexta. 

The output  of t h e  measurement system which was of q u i t e  convent ional  design 
w a s  recorded i n  frequency modulation on an onboard magnetic r eco rde r ,  Tolana A 
4022. 

In a d d i t i o n  t o  t h e  6 t r a c k s  of v i b r a t i o n s  recorded i n  p a r a l l e l ,  t h e  s t r i p  re- 
ceived d a t a  on t h e  sound t r a c k  and r e f e r e n c e  vo ice  s i g n a l s  a ided t h e  a n a l y s i s .  

This l a t te r  was achieved v i a  a Tolana MN 1400 r eade r  and W 0713 demodulators. 
The analog r e p r e s e n t a t i o n  was done on photographic  r eco rde r  w i t h  d i r e c t  w r i t i n g .  
A 0300 ACB and frequency a n a l y s i s  w a s  made on t h e  B. F. Bruel and Kjaer spectrum 
recorder .  

Since i t  was poss ib l e  t o  modify t h e  r ead ing  speed w i t h  r e f e r e n c e  t o  record- 
i n g  speed, w e  were a b l e  t o  achieve frequency a n a l y s i s  ve ry  much below Bruel and 
Kjae r ' s  t h e o r e t i c a l  p o s s i b i l i t i e s :  3 Hz i n s t e a d  of 12. 
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Below 3 Hz t h e  ana lyses  were c a r r i e d  o u t  manually, based on t h e  analog r e p -  
r e sen ta t ion .  

The recorded v i b r a t i o n s  have two d i s t i n c t  o r i g i n s .  

1. Very low frequency v i b r a t i o n s  due t o  atmospheric tu rbulence  which appear  
p a r t i c u l a r l y  a t  low a l t i t u d e  and i n  clouds.  These v i b r a t i o n s  a r e  composed of re- 
sponses of t h e  c e l l u l e  t o  e x c i t a t i o n s  of aerodynamic o r i g i n  and t o  t h e  a c t i o n s  of 
t h e  p i l o t  through t h e  servo  con t ro l s .  

2 .  Vibra t ions  of mechanical o r i g i n  de r iv ing  from t h e  main r o t o r ,  t h e  a n t i -  
torque r o t o r ,  t he  engines ,  t ransmiss ion  systems, e tc .  The h ighes t  l e v e l s  cor re-  
spond t o  a f requency t h a t  depends upon t h e  rpm of t h e  r o t o r  and t h e  number of 
b lades  t h a t  c h a r a c t e r i z e  i t  (nota  bene). I n  the  case  of t h e  SA3210 t h e  r o t o r  
has 6 blades  and t u r n s  a t  202 rpm. 
torque r o t o r  t u r n s  4.7 t i m e s  f a s t e r ,  but i t  has only 5 b lades  in s t ead  of 6 .  The 
t r ansmi t t ed  frequency w i l l  thus  be 79.4 H z .  

This  f requency has  much less important e f f e c t s  because i t  i s  f i l t e r e d  by 

Hence t h e  frequency i s  20 .2  Hz. The a n t i -  

t h e  s e a t  and probably by t h e  lower p a r t s  of the body. 

A s  a ma t t e r  of f a c t  t h e  record ings  made on t h e  p i l o t  show p r a c t i c a l l y  no re- 
sponse t o  t h i s  e x c i t a t i o n .  

/347 
The analog r e p r e s e n t a t i o n  of t h e  v i b r a t i o n s  on t h e  z a x i s  i n  t h e  course  of a 

phase of s t a b i i i z e d  f l i g h t  ( f i g .  1) shows the  evo lu t ion  of v i b r a t i o n s  a t  t h e  l eve l  
of t h e  s e a t ,  t h e  sternum and t h e  cranium of the  p i l o t .  The most apparent  f r e -  
quency, t h a t  which s t r i k e s  t h e  eye,  i s  t h e  20.2 Hz. This  frequency i s  modulated 
i n  very  low frequency by 0.7 o r  1 Hz a s  a func t ion  of t h e  f l i g h t  phase and t h e  
i n t e n s i t y  of t h e  turbulence .  The 0.7 Hz frequency appears  very  o f t e n  i n  our  re- 
cord ings ,  corresponding t o  t h e  response of t he  servo  con t ro l .  There a r e  then  
found low f r equenc ie s  i n  t h e  range 3 t o  30 Hz. The 20 Hz record ing  appears  very  
c l e a r l y ,  and on t h e  s e a t  t h e r e  a r e  h igher  frequency v i b r a t i o n s ,  p a r t i c u l a r l y  40 
Hz which i s  harmonic 2 ,  and h igher  f requencies  t h a t  do not  appear  i n  t h e  record-  
i n g s  taken  a t  t h e  p i l o t  l eve l .  

F igu re  2 shows t h e  spectrum of frequency on t h e  z a x i s  a t  s e a t  l e v e l  and 
t h e  two p i l o t  r e fe rence  p o i n t s  (sternum and c r e s t  of t h e  s k u l l )  i n  ho r i zon ta l  
f l i g h t  a t  260  km/hour. It w i l l  be observed t h a t  a t  low frequency t h e r e  i s  no 
damping, whereas from 1 0 t o  15 Hz f o r  t h e  sternum and 20 Hz f o r  t h e  head a more 
and more s i g n i f i c a n t  damping i s  ev iden t .  

F igu re  3 ,  t u r n i n g  t h e  r i g h t  shows t h e  same p i c t u r e .  

F igu re  4 and 5 show t h e  x axes  i n  t h e  same f l i g h t  conf igura t ions .  The pre- 
ponderance of 20 Hz and a f a i r l y  s i g n i f i c a n t  very  low frequency l e v e l  i s  t o  be 
noted. The spectrum of f i g u r e  5 i s  i n t e r e s t i n g  because i n  f requencies  of 4 t o  
6 Hz t h e  a c c e l e r a t i o n  a t  s k u l l  l e v e l  i s  g r e a t e r  t han  t h a t  of t h e  s e a t .  I n  con- 
t ras t ,  t h e r e  i s  much damping a t  t h e  sternum. The y axes shown i n  f i g u r e s  6 and 
7 presen t  t h e  c h a r a c t e r i s t i c s  of h igher  a c c e l e r a t i o n s  a t  t h e  sternum than  a t  t h e  
s k u l l .  
ang le  w i t h  r e fe rence  t o  t h e  v e r t i c a l  and tha t  t h e  p i l o t  i s  a t t ached  a t  t h e  

T h i s  can be expla ined  by t h e  f a c t  t ha t  t h e  s e a t  back i s  t i l t e d  a t  an  
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d e r s  by t h e  harness  s t r aps .  Moreover on t h i s  axis t h e  cushions damp much 
than on the  x a x i s .  

The very  low f requencies  of aerodynamic o r i g i n  a r e  those  t h a t  e n t a i l  maxi- 
mum discomfort .  
con t r ac t ion ,  t h e r e  i s  observed a r e l a t i v e  inc rease  of v i b r a t i o n  l e v e l s  on t h e  
p i l o t  between 4 and 7 Hz. Moreover these  f requencies  a r e  very  d i f f i c u l t  t o  f i l-  
ter. I n  c o n t r a s t ,  t h e  v i b r a t i o n s  of mechanical o r i g i n  above 15 Hz a r e  w e l l  
damped by t h e  s e a t  and by t h e  p i l o t ' s  body. This  phenomenon exp la ins  t h e  sensa- 
t i o n  of r e l a t i v e  comfort descr ibed  by t h e  p i l o t s  a s  they compared t h e  Super Fre-  
l o n  with o t h e r  c r a f t .  

Depending upon t h e  a x i s ,  t h e  p o s i t i o n  and t h e  degree of muscular 

The frequency spectrum of Alouet te  I1 shows two peaks a t  6 and 18 Hz, t h a t  
of Sikorsky S58 a t  3.7 and 15 H z .  The 20 H z  f requencies  and above which charac- 
t e r i z e  t h e  Super Fre lon  a r e  less bothersome f o r  t h e  p i l o t  i n  propor t ion  t o  t h e i r  
s epa ra t ion  from t h e  resonances of t he  human body. 

What may be the  consequences f o r  t h e  p i l o t ?  The S l iosbe rg  s tudy,  t h e  papers  
by Dieckman, Goldman and Von Gierke,  and t h e  experiments of Goerman, Clark,  White, 
Hornick and Parks al low u s  t o  make a p red ic t ion .  On shor t  range, t h a t  i s  t o  say,  
dur ing  f l i g h t  and p a r t i c u l a r l y  a t  t h e  end of a 3- to-4 hour mission t h e r e  i s  noted 
e s s e n t i a l l y  phenomena of d i f f u s e  f a t i g u e  wi th  a more o r  less pronounced drop i n  
performance. 

Recovery i s  more o r  less rap id ,  depending upon t h e  degree  of f a t i g u e  and of 
course upon t h e  rest a v a i l a b l e  t o  t h e  crew. 
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T h i s  f a c t  i s  not  p e c u l i a r  t o  t h e  h e l i c o p t e r  p i l o t .  Many a i r p l a n e  p i l o t s  show 

s i m i l a r  symptoms, p a r t i c u l a r l y  a f t e r  high speed, low a l t i t u d e  missions,  i n  t h e  
course of  which w e  have recorded v i b r a t i o n  curves t h a t  a r e  comparable but  a t  a 
much higher  l e v e l .  

In  t h e  long range, h e l i c o p t e r  p i l o t s  s u f f e r  back pa in  i n  87.5% of t h e  cases  
a f t e r  1 o r  2 yea r s  of opera t ion .  

Of t h e  128 p i l o t s  s tud ied  by S l iosbe rg ,  35 complained of neck pa in ,  54 of 
back pain,  and 96, i . e .  75 percent ,  of lower back pa in ,  11 of them wi th  d i s t i n c t  
s c i a t i c  r a d i a t i o n .  The c l i n i c a l  s i g n s  are gene ra l ly  f a i r l y  c l e a r  and go from 
simple l i m i t a t i o n  of movements of t h e  t runk  t o  p e r i v e r t e b r a l  muscular c o n t r a c t i o n  
and t h e  c lass ic  symptoms of s c i a t i c a .  Radio logica l  examinat ion r e v e a l s  an  abnor- 
mal frequency of lumbar s c o l i o s e s ,  and Montagard p o i n t s  ou t  d i s c r e t e  s i g n s  of 
a r t h r o s i s  a l s o .  

The evo lu t ion  i s  a func t ion  of t h e  rhythmic p a t t e r n o f  f l i g h t s .  The thresh- 
of appearance of pa in  i s  a t  more than  4 t o  5 hours  p e r  day, more than  40 t o  o l d  

50 hours pe r  month. 

Extended res t ,  per iods  of vaca t ion ,  change of c r a f t  and p a r t i c u l a r l y  pe r iods  
on a i r p l a n e s  b r ing  about a sooth ing  o r  a d isappearance  of t h e  pa in .  With resump- 
t i o n  of concentrated h e l i c o p t e r  f l i g h t s  t h e r e  w i l l  be a corresponding r e t u r n  of 
pa in  phenomena. 



A l l  t h e  s u b j e c t s  w i th  a "back h i s to ry"  e i t h e r  of t r aumat i c  o r i g i n  ( c ra sh ,  
parachute jumps) o r  fo l lowing  a very g r e a t  number of f l y i n g  hours i n  a i r p l a n e s ,  
o r  those with congen i t a l  anomalies, a r e  predisposed. I n  c o n t r a s t ,  p i l o t s  who 
have sys t ema t i ca l ly  engaged i n  a t h l e t i c s  a r e  b e t t e r  p ro t ec t ed .  
and p e r i v e r t e b r a l  musculature  inc reases  r e s i s t a n c e  t o  v i b r a t i o n  and r e t a r d s  the  
appearance of pa in  phenomena. 

A good abdominal 

As Wisner showed, t h e  p e r i v e r t e b r a l  muscles act a s  dampers and the  important 
work t o  which they a r e  exposed w i l l  involve pain. 

With f a t i g u e  t h e i r  damping a c t i o n  diminishes and even d i sappea r s ,  t h e  v ib ra -  
Keegan t i o n s  then  a c t i n g  d i r e c t l y  on the  interver tebral  d i s k s - v e r t e b r a e  assembly. 

showed t h a t  t h e  sea t ed  p o s i t i o n  involves  an inc rease  of p re s su re  a t  t h e  l e v e l  of 
t h e  a n t e r i o r  po r t ion  of t h e  d i sk .  The f o r c e  exer ted  by t h e  v i b r a t i o n s  w i l l  in -  
c r ease  t h i s  excess  p re s su re  and d r i v e  t h e  nucleus pulposus toward the  back, i .e. ,  
tcward the  capsuloligamentary shea th  and t h e  neu ra l  r o o t s .  A forward-bent posi-  
t i o n  n a t u r a l l y  aggrava tes  t h e  phenomenon. 
landing  phases w i t h  a f l e x i o n  t o  t h e  l e f t  t o  reach t h e  low s t o p  of t h e  cyclic 
p i t c h .  We have observed furthermore t h a t  t hese  f l i g h t  phases a r e  accompanied by 
a high l e v e l  of low frequency v i b r a t i o n s .  

It i s  o f t e n  combined i n  takeoff  and 

I n  conclusion, t h e  Super F re lon  SA 3210 p resen t s  a spectrum i n  which t h e r e  
a r e  combined two sources  of v i b r a t i o n  of d i f f e r e n t  o r i g i n .  The very low f r e -  
quencies  of aerodynamic o r i g i n  a r e  i n  t h e  range of resonances of t he  human body. 
Thei r  damping i s  very d i f f i c u l t  t o  achieve.  There would have t o  be d e f l e c t i o n s  
of s e v e r a l  

20 Hz 
r o t  o r  , t h e  
human body 

The i r  

decades of cent imeters .  
/349 

f r equenc ie s  and above, of mechanical o r i g i n ,  emanate from t h e  main 
a n t i t o r q u e  r o t o r  and t h e  engine. Since t h e s e  f r equenc ie s  a r e  above 
resonances,  they a r e  l e s s  w e l l  perceived by t h e  p i l o t .  

e f f e c t s  a r e  much less apparent ,  p a r t i c u l a r l y  i n  back pain.  The posi-  

The c o n t r o l  of t h e  c y l i c  p i t c h  i s  e f f e c t e d  i n  such a way t h a t  t h e  
t i o n  of t h e  p i l o t  on h i s  s e a t  i s  more favorable  because i t  i s  i n c l i n e d  s l i g h t l y  
backward. 
p i l o t  i s  no t  r equ i r ed  t o  l ean  forward and t o  t h e  l e f t  t o  manage it .  

1. 

2 .  

3. 

4 .  
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